Lateral dispersion over the continental shelf was examined using dye studies performed as a part of the Coastal Mixing and Optics experiment. Four experiments performed at intermediate depths, each lasting 2.5-5 days, were examined. In some cases the dye patches remained fairly homogeneous both vertically and horizontally throughout an experiment. In other cases, significant patchiness was observed on scales ranging from 2 to 10 m vertically and a few hundred meters to a few kilometers horizontally. The observations showed that the dye distributions were significantly influenced by shearing and straining on scales of 5-10 m in the vertical and 1-10 km in the horizontal. Superimposed on these larger- 
Introduction
It has long been known that lateral dispersion in the ocean is not solely the result of molecular processes but rather is significantly enhanced by shearing and straining on scales ranging from millimeters to hun-mixing and stirring processes. This total dispersion is relevant in problems where the lateral but not the ver- does not directly include the advective effects of vertical shears since these represent relative motions of isopycnals. However, it does include horizontal diffusion due to vertical shear dispersion, i.e., the interaction between vertical shear and vertical diffusion, since this involves spreading of dye along isopycnals. The advective effects of larger-scale horizontal strains are also not included as part of ni .... , but rather will be treated explicitly in the forthcoming analysis. As discussed in sections 4 and 5, the irreversible dispersion ni .... is useful for comparing the observed tracer dispersion along isopycnal surfaces to a variety of theoretical models, including vertical shear dispersion.
Goals and Outline
The present study focuses on two main questions: (1)
What are the rates of lateral dispersion over the continental shelf on spatial scales of 1-10 km and timescales of <5 days? (2) What are the mechanisms that determine these rates?
In section 2 we describe the field program of the CMO dye studies. In section 3 we estimate rates of lateral dispersion for each of the dye experiments using a simple model of vertical and horizontal shears and strains. In sections 4 and 5 we examine two existing paradigms of lateral dispersion, vertical shear dispersion and dispersion by lateral intrusions. In general, these mechanisms cannot account for the small-scale lateral dispersion observed during the CMO dye studies. In section 6 we discuss the implications of these results and suggest an alternative mechanism, dispersion by vortical motions caused by the relaxation of diapycnal mixing events, which may explain the observations. In section 7 we summarize the important results of this work and discuss outstanding questions.
Overview of the Field Program
The CMO dye studies were performed •, 100 km south of Martha's Vineyard, Massachusetts, in the region known as the "Mud Patch." Five dye experiments were performed near the 70 m isobath, between the alongshore and central CMO mooring sites. The experiment dates and injection locations are given in Table 1 .
Of the five dye experiments conducted, four were performed at middepths and are examined in the present study. The fifth experiment was performed near the bottom boundary layer and is discussed by J. R. Ledwell 
et al. (manuscript in preparation, 2000).
For each experiment, dye was released in a single streak along a target isopycnal surface using a towed injection system. Three to six drogues were released along with the dye at the target depth and tracked via Argos transmitters that were tethered to the drogues. The drogue positions were used along with near real-time shipboard acoustic Doppler current profiler (ADCP) observations both to assist in locating the dye patch and as an aid to planning sampling strategies during the dye surveys. A detailed description of the injection and sampling survey techniques are given by J. R. Ledwell et al. (manuscript in preparation, 2000) .
After each injection, three-dimensional surveys of the dye patch were conducted using a sampling sled that was tow-yo'd behind the ship at 2-4 kts. During these surveys the winch operated at speeds between 30 and 60 m min -1 , providing a vertical profile every 100-200 m along the ship track. The sampling system included either a rhodamine or fluorescein fluorometer, a chlorophyll fluorometer, and a Seabird conductivitytemperature-depth profiler (CTD). These instruments sampled at rate of 6 Hz, providing an average vertical resolution of 10 cm.
In each experiment, two to three surveys of the dye patch were conducted over the 2.5-5 days following the injection. Each survey consisted of between 3 and 33 transects through the patch. The first survey of each experiment generally yielded the fewest transects (ranging from 3 to 11) since at these times the patch was smallest and most difficult to track. The final survey of each experiment yielded between 9 and 33 transects through the patch. From the 4 experiments examined here, 9 out of 11 surveys appeared to resolve the dye patch (i.e., provide at least 10 transects through the patch) and delimit its boundaries [$undemeyer, 1998 ].
For each of the dye surveys, tow-yo casts were "snipped" into individual up and down profiles, and a horizontal position for each profile was computed as its distance from the starting point of the dye injection. A Lagrangian correction was then applied to these positions using the integrated ADCP velocity at the target depth. This was done to account for the advection of 
Vertically Integrated and Target Surface Tracer
For each survey the method of ordinary kriging was used to generate maps of the dye patch in the horizontal plane [Journel and Huijbregts, 1978 ; see also Ledwell et al., 1998 ]. Both the vertically integrated tracer and the tracer along the target density surface were interpolated onto a regular grid along with their associated mapping error fields. Kriging maps for the vertically integrated tracer for each of the four experiments are shown in Plate 1. (Maps for the tracer along the target density surface are not shown.) In all cases the dye patches grew significantly over the course of the experiment, spreading from their initial streak length of 1 km to patches as much as 20 km in length. Invariably, the spreading was anisotropic, with the major axis of the patch as much as 5 times the length of the minor axis (e.g., experiment 4). In some cases (such as experiment 3) the patches were also subject to considerable advection (speeds exceeding l0 cm s-•).
From each of the above kriging maps the first three horizontal moments of the tracer, i.e., total mass, center of mass, and variance, were computed along with their uncertainties using the method described by Ledwell et al. [1998] . These moments form the basis of our analysis. For the vertically integrated tracer •(x, y) the mo- Horizontal moments along the target density surface are exactly analogous, except that the vertically integrated tracer in (1) is replaced by the tracer concentration along the target density surface O(x,y). In the interest of clarity the notation summarized in Table 2 will be used to distinguish between the former and the latter.
The variances ~2 and ff'• for each experiment were 
Estimates of Lateral Dispersion
In order to evaluate the rates of dispersion from the CMO dye studies the moments defined in section 2 were used in conjunction with a simple strain-diffusion model, which takes into account what we believe were the dominant processes acting on the dye patch. Using this model, the growth of the horizontal patch variances was computed using both the vertically integrated tracer and the tracer along the target density surface. The resulting diffusion parameters provide a measure of the total and the irreversible dispersion of the dye. 
2ne2Vtdt. 
An Evaluation of Shear Dispersion
In the first part of the this paper we quantified rates of lateral dispersion over the continental shelf using the CMO dye studies. The rest of this paper is devoted to understanding the mechanisms responsible for this dispersion. Specifically, we focus on understanding the mechanisms responsible for the irreversible diffusivities ni .... since these by definition represent small-scale processes that were unresolved in the CMO observations and are the least understood.
A notable feature in all of the dye experiments performed during CMO was a dramatic change in the vertical tilt of the dye patch during successive surveys of the tracer, presumably due to a vertical shear (not shown) [see Sundermeyer, 1998 ]. In some cases the shear appeared to persist throughout the experiment, creating horizontal displacements as large as 2-5 km between the shallowest and deepest parts of the dye patch. In other cases the shear appeared to oscillate, reversing the tilt of the dye patch within the few hours it took to complete a single survey. These observations suggest that vertical shear dispersion is a natural candidate as a lateral dispersion mechanism in the CMO region. One underlying assumption of the latter studies, which typically involved shallow or well-mixed waters, was that the timescale of the transverse diffusion was small compared to the advective timescale of the flow. Consequently, vertical gradients of tracer were mixed away before the longitudinal velocity could advect the tracer a significant distance. In that case the effective horizontal diffusivity is predicted to be inversely proportional to the vertical diffusivity (henceforth this is referred to as Taylor's limit).
As discussed by $affman [1962] , the inverse proportionality of Taylor's limit may not apply to an unbounded or semibounded fluid if the timescale of the transverse diffusivity is much larger than the advective timescale. Rather, in this case the longitudinal diffusivity is predicted to be directly proportional to the transverse diffusivity (henceforth, Saffman's limit). 
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(The analogous problem in three dimensions was also solved by Smith, [1982] , but will not be discussed here.) As shown by Smith [1982] , a greatly simplified solution to (11) may be obtained with the introduction of an advected horizontal coordinate,
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The second term on the right-hand side of (13) represents advection by the mean flow, while the third term represents the vertical tilt of the tracer patch, characterized by a distortion factor G, which is yet to be determined. Applying this change of variables to (1 l) and noting that for a time-dependent linear shear a Gaussian initial condition yields a Gaussian solution, the solution of (11) can be written in the form 
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The last term on the right-hand side of (18) represents the effective horizontal diffusivity due to shear dispersion and is analogous to the second term on the righthand side of (10) in the limit of m -0. Equation (20) shows that the distortion factor G represents a weighted mean shear or, effectively, a measure of the vertical tilt of the center of mass of the tracer patch. It is also noteworthy that the vertical variance (19) does not depend on the vertical shear. A schematic of the linear dispersion model is shown in Figure 4. 
Comparison With Observations
The above theoretical ideas suggest that a linear shear (m -0 in (10)) yields an upper bound on lateral dispersion due to shear dispersion. Equations ( Table 3 ). However, since the shear dispersion estimates represent upper bounds as described at the beginning of this section and since the nm,ssing therefore represent lower bounds on the missing diffusivities, we consider this unlikely.
The above result is strengthened further if we consider the effects of a time dependent vertical diffusivity nz -nz(t), which is approximately in phase with the shear amplitude (as would be the case for shear instability). In this case, nz(t) would be in quadrature with the shear displacements. For a fixed value of the mean vertical diffusivity, this would lead to a reduction in the lateral dispersion due to shear dispersion. For a two-dimensional vertical shear it is possible that the phase difference between the vertical diffusivity and the displacement could reduce shear dispersion in one direction while enhancing it in the other. However, this effect would only be significant if there were significant anisotropy in the vertical shears, which for the CMO region was not the case/Sundermeyer, 1998].
A final note regarding the above results is that predictions of shear dispersion are most appropriately made using the shear across an isopycnal surface rather than at a fixed depth. This distinction may be important if the depth of the target density surface varies significantly over the course of an experiment. On the basis of analysis of shipboard ADCP data in conjunction with CTD data from the dye surveys, the depth of the target density surface fluctuated as much as 15 m about its mean level. To assess the significance of this variation, a detailed case study of the 1995 rhodamine experiment was performed. This showed that the shear dispersion prediction was not altered significantly when the shear across the target density layer was used rather than the shear at a fixed depth /Sundermeyer, 1998 ]. Such analysis was not possible for all the experiments because CTD data were not available at all times to track the depth of the target density surface. However, given the extent of our analysis, the main conclusion of this section is unaffected; shear dispersion cannot explain the observed lateral dispersion in the CMO dye studies.
Lateral Intrusions
In section 4 we showed that shear dispersion alone, even with a time-dependent vertical diffusivity and an appropriate shear across the target density layer, does not account for the observed lateral diffusion of the dye. We now consider mixing by lateral intrusions as a second potential mechanism that may account for the observed dispersion. Two classes of intrusions are examined: large-scale water mass intrusions such as those described by $tommel and Fedorov [1967] and diffusive interleaving such as discussed by Stern [1967] . The main result of this analysis is that dispersion by lateral intrusions also cannot explain the observed lateral dispersion in the CMO dye studies.
Large-Scale Intrusions
As discussed, for example, by $tommel and Fedorov [1967] This approach is similar to that used by Joyce [1977] where the effective horizontal diffusivity due to lateral intrusions is assumed to be in statistical equilibrium with the vertical diffusivity. Table 5 and again show that the contribution to the effective horizontal diffusivity would be too small to explain the observed dispersion. 
Discussion
In sections 4 and 5, two existing paradigms of lateral dispersion were examined in an attempt to explain the lateral dispersion observed during the CMO dye experiments. The first was vertical shear dispersion, and the second was dispersion by interleaving water masses. It was shown that a significant part of the irreversible lateral dispersion observed during the CMO dye studies could not be accounted for by these mechanisms, and that some other mechanism was required to account for horizontal diffusivities of •n•is.•n• • 2.9--4.6 m 2 S -• for 1995 and 1996 rhodamine dye studies and n,•,g • 0.2-0.4 m 2 s -• for the 1996 fluorescein and the 1997 rhodamine dye studies. We now speculate briefly on an alternative mechanism that we believe may explain the observed diffusion, namely, dispersion by vortical motions caused by the relaxation of diapycnal mixing events. This mechanism is described in some detail by Sundermeyer [1998] , and is the subject of ongoing investigation. It will therefore be only briefly discussed here.
The proposed mechanism relies on the fact that vertical mixing in the ocean is not uniform in space and time. Rather, it is episodic, consisting of isolated events that are the result of breaking internal waves (Figure 6 ) [e.g., Phillips, 1966; Garrett and Munk, 1972] . The result of episodic mixing is that localized regions of low stratification are generated preferentially in regions of high mixing. These low-stratification regions result in local horizontal pressure gradients that cause the wellmixed fluid to adjust laterally, forming "blini" or pancakes [Phillips, 1966] . The process of adjustment may lead to two types of motions, a slumping velocity that is directed radially outward and, in the case of geostrophic adjustment, an azimuthal velocity that is geostrophically balanced. For both types of motions the net effect of the adjustment is the same; the dye will be displaced laterally.
For a single event the lateral displacement of the dye is appropriately described as an advective process. However, for a large number of events the sum of the displacements can be thought of as a random walk with rms step size equal to the rms horizontal displacement averaged over the events, i.e., an effective lateral diffusivity.
As shown by Sundermeyer [1998] , scale analysis applied to the horizontal momentum balance implies that for a series of mixing events and a given vertical diffusivity, there exists an optimal scale of mixing events for which a maximum effective horizontal diffusivity results. This maximum diffusivity is predicted to occur By using the field data from the CMO dye studies, the role of vertical shear dispersion as a mechanism of lateral dispersion was examined through a linear shear dispersion model. Upper bound estimates of the vertical diffusivities inferred from the dye and of the initial horizontal and vertical patch variances were used to obtain upper bound estimates of the effective lateral dispersion due to shear dispersion. The model predicted that on timescales of 2.5-5.0 days, mean and oscillatory shear dispersion over the continental shelf were generally comparable in magnitude. Most importantlyi however, this analysis showed that shear dispersion alone cannot account for the irreversible diffusivities observed during the CMO dye studies. Upper bound predictions for shear dispersion accounted for between 1 and 50% of the observed lateral dispersion; that is, in some cases the shear dispersion predictions were more than an order of magnitude smaller than the observed dispersion. The inclusion of a timedependent vertical diffusivity, as well as the use of level versus layer shears in this model, further strengthened this result. This suggests that some other mechanism is required to contribute additional horizontal diffusivities A second mechanism examined as a possible explanation for the observed horizontal dispersion was mixing due to lateral intrusions. Two types of intrusions were considered: large-scale water mass intrusions and diffusive interleaving. In the case of large-scale intrusions the vertical scales of the intrusions were comparable to the vertical scales of the dye patches so that the effect of the intrusions on the dye patches was more likely advective rather than diffusive.
In In light of these results, dispersion by vortical motions caused by the relaxation of diapycnal mixing events was suggested as an alternative mechanism of lateral dispersion. As shown by Sundermeyer [1998] , simple scaling arguments applied to the horizontal momentum equations suggest that in at least two of the four experiments this mechanism could account for the observed dispersion. Whether the remaining discrepancy is due to the predicted diffusivities being a lower bound or whether there is yet another mechanism of lateral dispersion at work remains to be seen and is the subject of ongoing investigation.
